We consider models for the di-photon resonance observed at ATLAS (with 3.6 fb −1 ) and CMS (with 2.6 fb −1 ). We find there is no conflict between the signal reported at 13 TeV, and the constraints from both experiments at 8 TeV with 20.3 fb −1 . We make a simple argument for why adding only one new resonance to the standard model (SM) is not sufficient to explain the observation. We explore four viable options: (i): resonance production and decay through loops of messenger fermions or scalars; (ii): a resonant messenger which decays to the di-photon resonance + X; (iii): an edge configuration where A → Bγ → Cγγ, and (iv): Hidden Valley-like models where the resonance decays to a pair of very light (sub-GeV) states, each of which in turn decays to a pair of collimated photons that cannot be distinguished from a single photon. Since in each case multiple new states have been introduced, a wealth of signatures is expected to ensue at Run-2 of LHC.
I. INTRODUCTION
Recently ATLAS and CMS have reported an excess in the di-photon mass spectrum around 750 GeV in their first set of data collected at the LHC at 13 TeV. The quoted local significance is 3.6 ÷ 3.9σ [1] and 2.6 ÷ 2.0σ [2] respectively, where the range stems from the variation of the resonance width from narrow to wider, Γ/M = O(6%). The discriminating power between small and large width is not very significant and while ATLAS data prefers larger widths, up to 45 GeV, CMS results are more significant in the narrow width approximation. Furthermore ATLAS best fit is for a mass of 747 ÷ 750 GeV, while CMS data peaks at 760 GeV. In this paper we will assume a value of 750 GeV for simplicity. The cross section times branching ratio for the putative signal is consistent with roughly 5 ÷ 10 fb. In the following we will keep the cross section free in this range, except when a single reference value is needed, for which we will assume 5 fb, the somewhat conservative lower end of this range. While the likelihood that this excess may still be a statistical fluctuation or some experimental systematic is not negligible, this may well be the first clear signal of physics beyond the standard model and therefore it is worth exploring whether such an effect can be accommodated within some model, and how complicated that model has to be. This exercise can assess the credibility of a new physics (NP) signal and provide further experimental avenues to investigate the excess. Before embarking in this activity we should set this new result in perspective against similar 8 TeV searches. Both CMS and ATLAS have set exclusion limits on di-photon resonances at 750 GeV in Run-I [3, 4] where the arrows indicate the rescaled limits to 13 TeV. The range quoted for the CMS analysis corresponds to varying the resonance width in the range 0.1 ÷ 75 GeV, while the ATLAS numbers have been extracted from a public plot and correspond to efficiencies and acceptance calculated for a Randall-Sundrum graviton resonance. We have rescaled the 8 TeV results using the parton luminosity ratio of 4.693 [5] between 8 and 13 TeV, assuming a production mechanism dominated by gluon fusion. In the case of a resonance coupled tothe limit on the cross section will be a factor of 2.692/4.693 = 0.574 smaller. As one can see the results are broadly consistent across the two runs and both experiments had slight excesses in Run I at the same invariant mass. A more detailed statistical analysis of the consistency of the two results is beyond the scope of this paper. Clearly, the di-photon final state restricts the spin possibilities to 0 and 2; in the case of a spin-2, theoretical consistency arguments generally require additional states with masses not too far from the new resonance. Thus we focus most of our discussion on the case of a scalar resonance, which we will, from here on, denote as Φ. We will also see that Φ can be produced from a parent messenger resonance, which we will denote as M , and this parent messenger resonance can be spin 1, 0 or 1/2.
Under the hypothesis that the excess is coming from physics beyond the Standard Model (SM), one should also confront the many other searches for resonant production of a pair of SM particles which constrain possible other decay modes of Φ. The full list of relevant limits has been collected in Appendix A which provides the description of the inputs in our numerical analysis. Here we summarize only the most important ones, rescaled to 13 For convenience we have added a column normalizing the limits to the cross section required by the γγ excess. From this table it is easy to answer the question of whether it is possible to accommodate the di-photon excess by extending the SM with only one particle. In particular one can see that the above numbers imply the following lower bounds on the di-photon branching ratios, such as
and so on. If a coupling of Φ to the t and/or W is responsible for a loop induced decay to γγ, then there is no obstruction for the tree-level decay modes in the denominator of (1) . From simple dimensional analysis, we already see that
which is several orders of magnitude smaller than the lower bounds in (1) . For the remaining SM fermions this tension is even stronger due to the chiral suppression in the loop function. In particular for the bottom quark this suppression is more than enough to rule out a bottom-loop induced decay, even though the constraint on bb is somewhat weaker than the constraints on tt and W W . Using the table above one can see that it is not possible to significantly increase the di-photon branching ratio without violating the limits on one of the tree-level decays first. Thus, we find that decay of the resonance through SM particles is not viable: we need additional new physics! The next consideration is whether production can be SM-like, while the decay to γγ occurs through loops of heavy messengers. To address this question, we introduce the rate of resonant Φ production and decay to di-photons:
whereσ in→Φ,incl is the inclusive, parton-level cross section for a particular initial state 'in' 1 , Γ γγ is the partial width to γγ, Γ other is the total width from any other decays, and the final factor is the relevant parton luminosity function evaluated at the mass of Φ (m Φ ).
For a two-body initial state, SM SM→ Φ, to leading order we can then always rewrite this in terms of the decay width of the process Φ → in:
where ∼ denotes some O(1), process dependent, symmetry factors. Eq. (4) is crucial, as it connects the rate of production with the width of the resonance. The width/rate interplay is of great importance, as a decay to di-photon is normally at the loop level.
2 . Let us see how this matters in addressing the possibility of SM-like production. Since Φ can always decay back to the initial state, we have
Let us now consider for instance production through gluon fusion by coupling the Φ to the SM top. In this case we have Γ other ≈ Γ tt Γ in = Γ gg . The expression then becomes
With Γ gg /Γ tt ∼ 10 −3 , and the parton luminosity for a resonance of mass M Φ = 750 GeV
That is, to obtain the observed rate we need a partial width to γγ of order 1 GeV. As we will see in the next section, the typical partial width to γγ from a loop of messengers is ∼ 1 MeV or smaller, and so this width needs to be boosted in some way. Adding a large number of messengers pushes the theory to the strongly coupled regime. Given that ATLAS data slightly prefers a largish width, O(6%), discussing possible avenues to achieve it, is of some importance, especially given the model building challenges. Therefore the total width will be the subject of the following section.
Another SM-only production possibility is vector boson fusion. In this case the production is suppressed by the three-body phase space rather than by a loop factor. Following a similar argument to the above, it is easy to see that a partial width to γγ of order 1 GeV is again required.
We consider five ways forward to generate the observed rate:
• We can approximately saturate the first inequality in (5), by ensuring that there are no other important modes for Φ to decay to other than γγ and back to the initial state. In this case the dependence on the production mechanism cancels from the rate:
which is in the right ballpark to explain the excess. In Sec. III we present two examples of this kind: in the first example Φ is produced through gluon fusion induced by a heavy messenger. In the second case the production occurs through a Yukawa coupling to the first generation quarks and the decay through an uncolored messenger.
• One could accept the suppression inherent to SM-like gluon or vector-boson fusion, and instead attempt to increase Γ γγ several orders of magnitude. In terms of a loop with messengers, this corresponds to the limit of large 't Hooft coupling and the theory becomes strongly coupled. This case may be of interest for composite models. Alternatively, in Hidden Valley (HV) models [6, 7] , Φ may decay to very light states, which then each can decay to two very collimated photons, resolved only as a single photon. In this case the analogue of Γ γγ corresponds to a tree-level decay, and can therefore be much larger. We discuss this case in Sec. V.
• The analysis above does not apply for cascade decays, in which Φ may be produced as the daughter of some heavier messenger resonance, M . In this case it is straightforward to increase the production rate of Φ without decreasing its branching ratio to γγ. This will however naturally lead to a signature different from a di-photon resonance alone, e.g. extra jets, (t,b), MET, leptons. We may infer from the lack of such information in the public results that no such signature is present at a striking level, 3 and therefore that the separation between Φ and M should not be large and that the extra activity produced in M decays should be predominantly hadronic. We will nevertheless consider this scenario in its full generality, as it provides a natural explanation, and as the additional signatures may not be apparent with any certainty due to small statistics/squeezed spectra. • Another variation of the cascade decays is given by the possibility that the di-photon "peak" may be a kinematic edge, hard to distinguish due to the relatively low statistics. This provide a natural explanation for the peak "width" and the production rate can be easily controlled because it can proceed at tree level.
• Finally, we consider vector-boson fusion induced by a set of new vector bosons, which are too heavy to contribute at tree-level to the width of Φ. This scenario is, however, already excluded by existing di-jet constraints, and we relegate it to Appendix B.
The various topologies we consider in this paper are summarized in Table II. A key result of the observation of a di-photon excess is that in all cases we can think of, is we need more new physics beyond the single resonance. We now turn to discussing the width of the excess, which has important consequences.
II. IMPORTANCE OF THE WIDTH
Early indications, driven by ATLAS, are that the new resonance may have a substantial width, O(6%). Since the decay to γγ is a loop process and is naturally small, the observation of a substantial width has important implications for the theory. We discuss these separately for the pp → Φ → γγ case (explored in more detail in Sec. III) and for the cascade decay case (discussed in more detail in Sec. IV; the conclusions on the width for the cascade case will also apply to the Hidden Valley of Sec. V).
A. pp → Φ → γγ process
As we have seen, the rate in the pp → Φ → γγ process is given by
where δΓ is the partial width into states not involved in production or γγ decay. If we hold R γγ fixed to fit the excess, we can solve for Γ γγ as a function of Γ in and vice versa. This is shown in Fig. 1 , as a blue band. (In this figure we assumed ainitial state, as this provides somewhat more freedom in terms of varying Γ in , see section III B.) Consider first the left-hand panel, in which δΓ = 0. If we increase Γ in , it drops out from the expression, and the branching ratio to γγ is very small, but compensated by the large production rate. The total width of the resonance also grows, as it is dominated by Γ in . Eventually this direction is cut off by the constraints on di-jet resonances (red region in Fig. 1 ). Similarly, if we increase Γ γγ , we eventually approach the point where nearly 100% branching ratio is to γγ. This direction is, however, bounded by unitarity considerations, since at some point the 't Hooft coupling becomes non-perturbative and the theory enters a regime of strong dynamics. This constraint is of course model dependent, and is shown in the green region in Fig. 1 for one of the models studied in Sect. III B, F 9 of Table IV. Notice that the left-hand panel implies that it is hard to obtain a 45 GeV width for the particle when the only contribution to its width is through the production and decay channels.
Next, consider the impact of adding a decay of Φ to states not initiating the production or decay. This is shown in the right-hand panel of Fig. 1 , where Γ tot = Γ γγ + Γ in + δΓ = 45 GeV. In this case, either one requires the width to γγ to be very large ( 1 MeV, which is an upper bound on the natural decay width through a single charged loop of fermions), or Γ in must be substantial itself. However even in the latter case, Fig. 1 indicates that Γ in is bounded by di-jet constraints, and we always have Γ in 45 GeV. This implies that the total width is always dominated by the exotic decay modes, parametrized by δΓ.
We conclude that there are two possibilities: (i) the particle is narrow and its width can be dominated by the decay to γγ, the decay back the initial state or a combination of both, or (ii) the particle is broad in which case a substantial range of partial widths to the initial state and to γγ are possible. However a total width of 45 GeV cannot be obtained from Γ in + Γ γγ , whether that be at loop or tree level, due to unitarity and di-jet constraints. A sizable partial width to other states is therefore needed. In Sec. III, we explore what values for Γ in , Γ γγ are possible in concrete models.
Next we consider the importance of the width to γγ in the case that a messenger resonance, M , is produced first, which decays to Φ plus the SM. Here one is able to better factorize production from the branching fraction of Φ, though even in this case we will find constraints on the branching ratio of Φ → γγ. First, again using the narrow width approximation, Eq. (4), and expressing the production cross section in terms of the partial width of the messenger M to decay to jets, we can express the total di-photon rate R γγ in terms of a product of branching ratios. We therefore require
where we have converted Γ(M → jj) into a branching ratio and made the total width of the M explicit. The constant c is a numerical factor that for ainitial state is c= 4π 2 /9. In the following we will also use c qg = π 2 /6 and c gg = π 2 /8 for the quark-gluon and gluon-gluon initial states respectively. Next, we can maximize the messenger production rate times branching fraction to Φ by choosing BR(M → jj) = BR(M → Φ + SM) = Allowed width ranges for explaining the di-photon resonance, in blue, assuming the production and decay dominate the total width of the resonance. Constraints from unitarity (for reference model F 9 of Table IV ) and di-jet are shown as shaded regions. Right: Same as left panel, but fixing the total width to 45 GeV by allowing for other, unobserved decay modes. In both plots ainitial state was assumed; the results for a gg initial state are qualitatively similar. us to put a lower bound on the branching fraction BR(Φ → γγ), as a function of m M , for various initial state parton luminosities. This is shown in Fig. 2 .
From this plot, we immediately see that if Φ has a large width (45 GeV), the absolute width to γγ is bounded to be 1 MeV or larger for m M = 800 GeV, but rapidly increases with M . For example, adding a single charged fermion with a coupling ∼ 1 to Φ naturally generates a width to γγ of at most 1 MeV. Increasing the mass of the messenger necessitates exponentially larger values of Γ γγ , rendering the structure of the model progressively more complicated. Therefore we can see that the sizable width of Φ prefers lighter messenger masses, which in turn is consistent with the absence of extra energetic objects in the events. Nevertheless, even in this case, the dominant width of Φ must be to an exotic or hidden channel. The reason for this is that searches for resonances in other SM channels may strongly constrain BR(Φ → γγ). For example, the di-jet constraint implies that BR(Φ → γγ)/BR(Φ → jj) 10 −3 , so if the dominant decay is to SM states, Γ γγ 10 −3 Γ tot . In this case, many charged particles (and/or particles with large electric charge) must be present to boost the width of Γ γγ to 10's of MeV.
III. HEAVY MESSENGERS
We established in the introduction that a viable model of Φ → γγ requires new states in addition to the resonance itself. In this section we present a class of models which explicitly realize this scenario as a two-to-two pp → Φ → γγ. (This scenario was examined in detail prior to the appearance of the di-photon excess in terms of effective field theory [8] . In this paper we pursue an analysis in terms of simplified models, since in the case at hand it is particularly straightforward to get a complete picture by interpolating between a sufficiently complete set of such simplified models.)
Messenger multiplets are highly motivated in a wide variety of physics beyond the standard model, from Grand Unified Theories (GUTs) to composite sectors. A simple extension, that encompasses many models, is an additional vector-like fermion 4 ,
or a complex scalar,
Because the decay to photons is loop suppressed in the class of models we consider here, if the resonance has a substantial width, the phenomenology prefers that there be a high multiplicity of these messenger particles, possibly motivated by compositeness. In addition, when m < m Φ /2, a tree level decay into Ψ or φ pairs is opened, diluting the partial width to γγ, and leading to an interesting new signature, Φ → ΨΨ or Φ → φφ.
We first consider the case of a colored messenger multiplet, where the messenger participates in both the production and decay of the new resonance. Then we consider the case that the production is through a tree level coupling to the SM and the messengers mediate the decay only.
A. A Colored Messenger Multiplet
We first consider the case that Ψ and φ are color triplets, have a fast, tree-level decay to the SM and allow for N f flavors for Ψ and φ. With these conditions, we find 10 possible representations for φ and 7 for Ψ, as summarized in Table III . Each entry of this table can be thought of as a simplified model with parameters g, m and N f . As a convention, we only consider 'holomorphic' couplings of the messengers with the standard model matter fields. For instance, while S1 and S2 contribute identically to the decay and production of Φ, the decay mode of φ is given by the operators φd c e c and φu c u c respectively. Both the production and the decay of Φ will then occur through a loop of Ψ or φ states. In addition to γγ, other possible decay modes are gg, W W and Zγ, depending on the representations.
We assume that m > m Φ /2, so that Φ has no tree-level decay modes, and the γγ channel is relatively unsuppressed relative to these other channels. The ratios of the leading order partial widths are shown in Table III . We see that it is usually a good approximation to take Γ gg Γ γγ , Γ Zγ , Γ W W , Γ ZZ , such that (4) simplifies to
where we included the appropriate symmetry factors that were omitted in (4). In Fig. 3 we show the di-photon rate as well as the total width of Φ as a function of m and g f for the F 1 model with N f = 1. For the remaining fermionic models we do not present plots, but instead we include R γγ , Γ γγ and the total width (Γ tot ) for an example point in table III. Their values over the remainder of the (m, g f , N f ) parameter space can be easily obtained by making use of the parametric scaling of these quantities:
where R 0 γγ , is the benchmark point in table III. Γ γγ and Γ tot scale the same way. For completeness, the well-known full expressions for the widths are
Model Representation γZ/γγ WW/γγ ZZ/γγ gg/γγ R and where the A 0,1/2 are the usual loop functions (see for instance [10] ). For m m Φ /2 they can be approximated by A 0 ≈ −1/3 and A 1/2 ≈ 4/3.
For F 1 we see in Table III that a di-photon rate of several fb can be accommodated easily. For the models with smaller electric charges, like F 5 and F 6, N f must be at least 5. For F 7 we need N f > 10 and a rather low m, which implies that this model is not very plausible.
The contribution to the width from the scalar messengers is suppressed relative to that from fermionic messengers , and it is therefore difficult to obtain a large enough width in this case. Γ γγ is largest in model S3, but even in this case either a very large (nearly non-perturbative) coupling or multiple flavors are needed, as shown in Fig. 4 .
Some of the models, such as S5, S6, S8, F 4, F 6 are in slight tension with the experimental upper bound on Γ γZ /Γ γγ ratio, and in those cases a signal in Zγ should be observable soon. While our discussion here has been in terms of simplified models, more complete models are likely to contain multiple representations and in this sense a larger number of messengers may actually be very well motivated. Our results allow one to easily interpolate between models with a variety of matter content. We will explore this in more detail in the next section.
B. An Uncolored Messenger Multiplet
If Ψ and φ do not carry color charge, they only contribute to the decay of Φ and not to its production via gluon fusion. Since SM gluon and vector boson fusion are challenging, as argued in the introduction, we choose to introduce an effective Yukawa coupling of Φ with the lowest generation quarks
Such a coupling can be UV completed in the context of a two Higgs doublet model, where Φ is a real component of the second Higgs doublet, which does not get a vev. For y to be sufficiently large to be useful, this construction manifestly deviates from the minimal flavor violation ansatz, but flavor constraints can be avoided provided that y is aligned with the standard model Yukawas. This is, however, not difficult to achieve in models for dynamical flavor alignment, see for instance [11] . The rate is
where in the last equality we show how the coupling y to quarks drops out in the limit where Γ tot ≈ Γ. The natural width for Φ decaying into di-photons is now 0.1 MeV or smaller. We write the decay width in terms of an effective coupling c γ ,
where c γ can be deduced from eq. (16), and where
Repeating the exercise of the previous section, we list the possible representations for Φ that we find in Table IV . In Fig. 5(a) we plot the rate to di-photons as a function of the Yukawa coupling and the effective coupling, c γ , for the benchmark point of the F 9 model. As the Yukawa coupling becomes large, we see the effect of it dropping out of the rate-contours of constant c γ become horizontal. This can also be seen in Fig. 5(b) where the total width and the partial width are shown as a function of y, along with their ratio. As y increases from its minimal value, y min , the total width increases, and it forces the di-photon partial width to plateau. This behavior is different from the models in Sec. III A, where a single messenger coupling controlled both the production and decay. There, there was no freedom to increase the width by dialing the coupling, since the rate provided an anchor. Here, on the other hand, the width can be increased by increasing y, and the rate to photons stays constant. Of course, this also increases the production cross section, and, as shown in the left panel of Fig. 1 , at some point di-jet constraints place an upper limit on this coupling from the decay back to light quarks; this occurs around y ∼ 0.16. Thus, even with tree level decays to quarks, unless there are additional (exotic) decay channels of Φ, it is difficult to achieve a width much larger than 1 GeV, as shown in Fig. 1 .
The option to add multiple representations is of course also open in this case; these serve to increase the width. In contrast with a colored messenger, we find that none for the models can match the rate without in fact doing this. Fig. 5(c) shows contours of the di-photon rate in terms of the mass m and coupling g of the messenger for the F 9 model; for all of these models we find that we need N f ∼ 3 − 10 in order to obtain the rate. Modulo group factors, this accounts for the relative missing factor of N c compared with the rates in Table III , and so is to be expected. In fact, we could consider the above model with colored particles running in the loop, where the distinction with the previous section is that now also a tree-level production mechanism is open, in addition to gluon fusion.
To reiterate and summarize, the main advantage of these uncolored (or perhaps more pertinentlycoupling) models over the colored messenger model is an extra parameter that provides some freedom, e.g., to increase the particle's width if one does not want to add extra messengers. This is not enough, however, to make the particle 10's of GeV broad without introducing exotic decays (although the messengers may provide such decays if their mass is sufficiently light).
In the next section we discuss how to more cleanly separate production from the branching fractions of Φ via a cascade.
IV. DI-PHOTONS FROM CASCADES
In this section we discuss how the di-photon signal can originate from the decay of a heavier messenger, M . Such a topology implies that the event should contain extra structure, in addition to the di-photon resonance, such as extra SM resonances or energetic jets. It also implies that Φ may be moderately boosted. The apparent absence of significant extra activity in the di-photon events points towards lighter resonances, not far from 1 TeV. However it also provides an opportunity for discovery of additional states. As discussed in Sec. II, the cascade decay topology does not completely alleviate the minimum requirements on BR(Φ → γγ), as was shown in Fig. 2 . But, it does allow us to suppress the branching ratio in SM final states listed at the beginning of Sec. I, while maintaining a sizable production rate for a Φ with a substantial width. This is possible at the price of:
• Becoming sensitive to other LHC BSM searches: now what is relevant is not just the decay products of Φ alone, but the full final state of the M decay. Some of the searches listed in the introduction are sufficiently inclusive and in principle can still be sensitive even in the presence of additional activity in the event from the messenger decay. They thus still pose a constraint on the Φ branching ratios. However, more exclusive searches may provide even more stringent bounds. For example W → W Φ → W W W may produce same sign di-leptons and jets, and Φ's W W final state may be more constrained by same-sign di-lepton searches than from direct W W resonance searches. Establishing whether certain decay modes are compatible with the di-photon signals in the cascade decay case requires recasting other searches, for which a direct interpretation in the models studied here is not available. This is left for future work. Therefore satisfying the bounds quoted here is a necessary, but not sufficient, condition for viability.
• Introducing new states below m Φ /2 as a way to increase Γ Φ via tree level decays. This opens up various possibilities: Φ can still inherit SM-like branching fractions at a sub-leading level and have a sizable total width, without having to increase the partial width to di-jets. Conversely, Φ may be secluded from the SM and accessible only through the messenger decay, while acquiring a sizable width through a new hidden sector.
There are two main possibilities for M that we consider in detail:
• a heavier bosonic resonance, W decaying into Φ + W , with Φ → γγ, and
• a fermionic resonance produced in the s-channel and decaying in Q → Φ + q (where q can also be a top or a bottom quark).
Both topologies may originate in many well-motivated models, such as composite Higgs [12] [13] [14] , Little Higgs [15, 16] , left-right models [17] [18] [19] [20] , two Higgs doublet models [21, 22] , and more generally in models with extra gauge and/or heavy quark partners at the TeV scale [23] [24] [25] . We will discuss some of the possibilities below. Of course, it is also possible that M is a scalar resonance. Rather than to analyze a specific example model in detail, we instead focus on collecting quantitative information about the phenomenological requirements on the decay widths of the heavier resonance M and of Φ that allow for the observed γγ rate without violating the most relevant past LHC Run I searches. This information is central to determining how specific models can be accommodated by the observation, as well as the most promising channels in which to search.
We will express the results as a function of the mass of the heavier messenger resonance, M M , M = W , Q , and quote the limits on branching ratios such as BR(W → W Z)/BR(W → W Φ)BR(Φ → γγ). We hereby consider a [35] W → tb 1508.04308 [36] W → τ ν 1501.04198 [37] W → jj CMS-PAS-EXO-14-005 [38] W → jj Fig. 6 to constrain production of Φ via cascade decays.
broad range of final states, as enumerated in Table V . The results are shown in Fig. 6 . For the case of a fermionic resonance, the situation is a bit more complicated by the fact that, being colored, most of the searches have been performed in the pair production topology. These searches set upper limits on branching ratios of the fermionic resonance into a variety of final states, but most of them are ineffective above 750-800 GeV. We refer the reader to the experimental results for those that are able to set a limit between 800 and 950 GeV [26] [27] [28] [29] [30] [31] . The only single production searches performed at Run I are for a B resonance, produced from a bg initial state and decaying to either bg or tW (and more generally jj), and we will therefore quote the results for those decay modes. The constraint on the product of branching ratios BR(M → ΦX)BR(M → jj)BR(Φ → γγ) can be extracted from Fig. 2 by rescaling the curves by BR(M → ΦX)BR(M → jj) × 4. While the constraints from other channels must be taken into account, one can see from Fig. 6 how they may be satisfied. Note from these figures that for heavier resonances both partial widths Γ(M → ΦX) and Γ(Φ → γγ) should increase to maintain a large enough rate, and it becomes increasingly difficult to satisfy the Φ → γγ requirements.
We are now at the stage where we can speculate about the nature of the Φ and M resonances. Given the early stage, here we provide only some broad options leaving detailed quantitative studies for the future. Φ could be a Higgs boson. For example in a left-right model it may be the neutral component of the SU (2) R triplet ∆ responsible for breaking SU (2) R . In this model there are naturally additional charged states that can boost the γγ rate: two more scalars of charge 1, a scalar of charge 2 and a charge-1 vector, the W that can also act as the messenger M . If we assume O(1) couplings of these states to Φ, and no large scale separation in their masses, their presence can account to O(20) effective flavors of charge-1 scalars. This is sufficient to drive the di-photon partial width in the O(10) MeV range. Furthermore Φ can also mix with the SM Higgs at
, inducing decays to SM particles at a safe level. The W → ΦW branching ratio is impacted by mixing angles naturally of a similar order as the one controlling that to di-bosons. Decays into tb and di-jets tend to dominate over decays to light di-bosons, but a BR(W → ΦW ) at O(few %) can still be naturally achieved. For example BR(W → ΦW ) ∼ 0.05, BR(Φ → γγ) ∼ 30 MeV/30 GeV = 10 −3 would work for M W ∼ 1.5 TeV. Φ-Higgs mixings would be at the 5% level, consistent with Higgs properties and bounds on Φ direct searches. Of course, this mixing is not sufficient to generate a ∼ 45 GeV width, so extra decay channels are necessary (which, in SUSY left-right models, may come from tree-level decays into the electroweak-ino sector). More detailed studies are needed to render this estimate on firmer grounds.
In composite Higgs models, depending on the global symmetry group of the strongly coupled sector, one may find extra scalar states as pseudo-Nambu-Goldstone-Bosons (pNGBs) that can fill the role of Φ. Furthermore, the presence of heavier resonances, both bosonic and fermionic (in the form of top partners), may provide natural candidates for the messenger M . At the same time, if charged, they contribute to Φ's di-photon width. Extra pNGB singlets may be somewhat heavier that the weak scale [39, 40] but still lower that the composite scale, and thus relatively narrow. Depending on the properties of the UV completion, the di-photon rate may also be enhanced by Wess-Zumino-Witten terms. Unfortunately, for the most economical composite Higgs model containing an extra singlet SO(6)/SO(5), this is not the case [41] . And, while a WZW term is present, it vanishes exactly for the photons, rendering the di-photon width of this extra singlet negligible. Nevertheless, other constructions may allow this possibility.
Other possibilities for Φ and M may be found in extended Higgs sectors where Φ, M may be extra Higgs bosons with reduced contribution to the EWSB (alignment-limit) and with significant couplings to new non-SM states (such as extra fermions, possibly Dark Matter).
We conclude this section with the discussion of a different cascade topology that can give rise to a di-photon signal, albeit without the presence of a resonance decaying to γγ. The di-photon signal can be a kinematic edge in the cascade decay of
which is currently being misinterpreted as a peak due to the low statistics. In that case, as is well known, we have a relation between the A, B and C masses given by
and, for a given final state C, there are resonant peaks in the γC and γγC invariant mass distributions, which at the moment may not be visible yet due to the low statistics and/or combinatoric backgrounds. A and B will necessarily be new, non-SM particles, while C can be a SM state. Two interesting cases for C are a vector boson, either a W or a Z boson, or a jet 5 . Let us now assume that A is singly produced in proton-proton collisions, which is motivated by the little activity in the rest of the signal events. Similar to Eq. (10), fixing the di-photon rate in terms of A and B branching ratios and masses, we then have
The only information that can be inferred from this equation is a lower bound on BR(A → jj)BR(A → Bγ)BR(B → γC) as a function of M A , which trivially states that if these branching ratios are too small, one cannot accommodate the observed di-photon rate. One cannot make further progress without knowing more information on the nature of A and/or B. If B cannot be directly produced in proton proton collisions, one presently can easily explain the bump as long as Eqs. (22, 23) are satisfied. Future observations of the γC and γγC peaks or the γγ line-shape are the only handles to disprove this possibility. On the other hand, in models where B can also be produced directly in proton collisions, further constraints apply: ATLAS and CMS have performed searches for B → γX for X = W, Z, j, besides di-jet searches. We can use these searches to set upper limits on BR(B → γC) × BR(B → jj) and on BR(B → jj), with the same techniques employed above. At the same time, by using Eqs. (22, 23) , and using the fact that BR(A → jj)BR(A → Bγ) < 1/4 we can extract a lower limit on BR(B → γC). The results are shown in Fig. 7 , where the upper limits from direct searches are expressed as solid lines and the lower limit from the requirement to have enough rate to fit the excess is expressed as a dashed line. Satisfying both constraints is equivalent to imposing an upper bound on BR(B → jj) which is non-trivial only for low enough M B 600 GeV in the case B → Zγ. We conclude that there are no obstructions from Run I searches for explaining the di-photon rate with a kinematic edge. However the absence of significant extra activity in the events points towards the presence of the intermediate state B not too far from 500 GeV.
V. COLLIMATED PAIRS OF PHOTONS? HIDDEN VALLEY MODELS
In the previous section we discussed models where Φ, being neutral, couples to two photons via loops of charged particles. The natural size for this partial width is α Table II ) into W γ, Zγ, jγ times the branching ratio into di-jets from direct searches at Run I. The lower limit on the branching ratios set by the required di-photon rate is shown as a dashed line. The combination of these curves sets an upper limit on B → jj. For each mass mB, the corresponding mass mA of the parent particle required to produce an edge at 750 GeV is shown on the top edge of the frame.
electric charges, which puts us in the 10 keV -1 MeV range. One can increase it by increasing the multiplicity and the charge of the particles running in the loop, as well as the strength of their coupling with Φ. However it is impractical to render this partial width of the order of a tree level decay, O(5 GeV), without going into the strong coupling regime and/or having a very large number of flavors. Nevertheless, from the discussion in Sec. I, there are currently no obstructions from the LHC data for Φ to have a tree-level size partial width into what looks like a pair of photons. In this Section we investigate whether this can be achieved if the two photons recorded in the experiments are actually highly collimated pairs of photons. The possibility for such photon-jets has previously been considered in detail, and in particular as an exotic decay mode of the standard model Higgs [42] [43] [44] [45] [46] [47] [48] . The obvious class of models producing this topology are Hidden Valleys [6, 7] , in which Φ decays at tree level into a pair of light scalars, φ, which in turn decays to a pair of photons. The collimation is achieved by requiring that m φ is sufficiently low, below a GeV. The coupling of φ to photons can be generated by loops of massive charged fermions (denoted below by ψ). In this way we have decoupled the size of the Φ width to the necessary requirements of loop-mediated γγ dictated by gauge invariance. In this class of models Φ can, in principle, be a scalar or a vector (or a tensor), but we will focus on the scalar hypothesis below, as it is simplest to embed in a model. We consider the following simplified model:
where we have normalized the trilinear scalar interaction to the Φ mass. We note that, since the decay now proceeds at tree level, in principle Φ can be identified with a heavy Higgs in an extended Higgs sector such as the 2HDM as long as BR(Φ → φφ) O(1%). The next constraint is on the φ mass, due to the photon pair collimation. We know from Higgs measurements that the LHC experiments are able to distinguish photons of m h /2 ∼ 65 GeV from π 0 's of the same energy. This sets an upper limit on the φ mass m φ < m π 0 m Φ /m h 800 MeV. Furthermore the requirement 2m ψ m φ , to ensure a sizable decay of φ to two photons via a loop of charged fermions, will generally render the decay displaced
further affecting the differences between the electromagnetic shower shapes between a φ decay and a prompt photon of the same energy. In order to asses the differences we estimated the discrepancies in the shower shapes between a photon and a displaced φ decay of 375 GeV of energy using the procedure described in Appendix C. Since a prompt decay prefers a heavier mass of φ, opening a decay via G µν G µν to pions, a requirement of a significant branching to γγ (in order not to suppress the total rate) is now doubly important for φ, forcing us to discard the option to couple φ to the SM fermions proportionally to their masses. Therefore we are left with two options: either to couple φ to the τ lepton but not to muons or electrons, or to assume that ψ is a new charged vector-like fermion at the weak scale. The former case originates naturally in models such as those described in [11] . Our results are summarized in Fig. 8 . The red shaded region is excluded, since here φ generates EM-shower shapes differing from a prompt photon, by more than the difference between a 65 GeV π 0 and a 65 GeV γ. The white region corresponds to similar differences as a would-be π 0 of 65 GeV of energy but mass below 50 MeV, and is therefore likely to be allowed, while the gray area correspond to the intermediate range where a more proper analysis may be needed. The blue curves denote the fraction of times φ decays inside the calorimeter. The region below the blue lines is therefore excluded by displaced searches. Finally we indicate the proper decay lengths with dashed lines.
VI. DISCUSSION
The possibility of a new resonance at 750 GeV is exhilarating, though, depending on the nature of these events, modeling the excess with a theory requires a bit of non-trivial structure in the new sector that should make the next run of the LHC an exciting adventure. We summarize the possibilities and conclusions from this short paper.
• As emphasized in the introduction, simply extending the SM by a single new resonance is not viable -because the mediator is more massive than all the SM particles, tree level decays back to SM particles mediating the coupling to γγ gives rise to conflict with constraints, such as tt, W + W − or di-jet bounds.
The next simplest possibility is to extend the SM by two particles -the γγ resonance as well as messenger particle(s). We explored three possibilities along these lines.
• Loops of new messenger multiplets mediate the decay of the resonance. We considered two possibilities for the production: tree-level production of the resonance by coupling to initial state quarks, or production via loops of (colored) messengers. We explored both possibilities, and both are viable. If the resonance is to be broad, in both cases, a relatively large 't Hooft coupling of the resonance to the messengers is needed; this feature is fully general for 2 → 2 processes.
• A messenger resonance decays to the γγ resonance plus some other SM particle. For example, in a W /Z model, the decay channel is the messenger W /Z → Φ + W/Z. Another possibility is the production of a messenger fermion Ψ which decays, for example, to the resonance plus jet Ψ → Φ + j. Of course, in this case, one reconstructs not only the γγ resonance, but also the messenger resonance. It remains to be seen whether the data will support a second resonance.
• We also considered an edge topology where A → Bγ → Cγγ, and we found it is consistent with constraints.
Another scenario is that the two observed photons are merged from four photons. This leads to the last model possibility we considered:
• HV models, in which a heavy messenger resonance decays to a pair of very light (sub-GeV) neutral states. As long as each of these neutral states decays to a pair of photons before reaching the calorimeter, the two photons from each decay merge into one. The most challenging aspect of this scenario is constructing a model where the very light states decay quickly enough to γγ.
Since the observed decay is to γγ, one should obviously look for resonances in the Zγ and ZZ channels. Since production generically happens from a qq, gg or qg initial state, di-jets is a common signature when the resonance or messenger decays back to the initial state, rather than to γγ. Each of these models would lead to additional new signatures:
• Messenger fermions and scalars could be pair produced at the LHC and decay to the states shown in Table III and Table IV . Many of these signatures also bear resemblance to searches for top partners in composite models.
• A vector messenger resonance decaying to the Φ → γγ resonance plus X gives rise to W W, W Z, ZZ, hW, hZ possible states. They also give rise to other signatures when the decay of the vector messenger to ΦZ, ΦW, Φh is followed by a decay of Φ into other final states, such as jj.
• A singly produced fermion messenger will decay not only to Φ + q, but also qq, where the quarks could be any flavor, such as t. This motivates, for example, tj searches.
Thus we can see that any new physics associated with this di-photon resonance will likely give rise to a patchwork of signatures, which can be searched for in a wide variety of modes. This must be understood first before satisfactory theories can be constructed. But, ultimately, we hope that these particles will give new clues to shed light on deep outstanding questions about our Universe. 1407.8150 [69] As a reference we also summarize the production cross sections used in this paper for a 750 GeV SM In this appendix we consider the scenario in which the resonance is produced via vector boson fusion (VBF) of new heavy vector states, and we show that di-jet limits exclude the possibility of accounting for the (entire) signal rate. We consider here VBF with a heavy, right-handed W boson, which is well motivated by L − R symmetric models/extended gauge boson sectors, especially in light of the di-boson anomalies seen in 8 TeV ATLAS and CMS data. The effective operator is
where M W is the mass of the heavy boson, g is it's coupling and P R = (1 + γ 5 )/2 is the right-handed projection operator. (We nevertheless generate the full kinematics of VBF when using Monte-Carlo to calculate the cross-section.)
In Fig. 9 we plot the cross-section contours of the production of a 750 GeV Φ as a function of the mass, M W , and the coupling, g . We observe relatively small production cross sections, which is to be expected since the effective operator eq. (B1) is dimension 7. Overlaid are the exclusion limits on the coupling of a heavy gaussian resonance coming from 8 TeV di-jet production, of width/mass, Γ/M W =0.07, 0.10, 0.15, and (extrapolated) 0.20. We see that these limits easily exclude the required signal cross-section of ∼ 5 − 10, fb −1 . VBF production via a heavy generic V boson (e.g. a Z with possibly generic vector and axial couplings) is a separate process and does not interfere with the above; given the simple Lorentz structure of both VBF production of Φ and of pp → V → jj, di-jets will generate similarly strong constraints for this process.
